This study aims at determining the influence of thermal shocks at high temperatures, over the allotropic temperature, on the microstructure, composition and hardness of the Zy-4 sheath. The thermal shocks have been applied at the temperatures between 900 and 1600°C, in the air, lasting 30 and 60 s, through rapid heating in the solar furnace. The treated samples were microstructurally analyzed on the surface and in section by scanning electron microscopy and EDS, thickness measurement of the formed layers, the oxygen and hardness profile determination in section relative to the treated surface. At the microstructural level, the researches have revealed the evolution of the morphology of the oxide layers formed under high temperature thermal shock conditions and the evolution of the microstructure of the metallic mass as the temperature and shock duration increase, correlating this evolution with the oxygen diffusion process and with the evolution of the microhardness. Researches have provided information on the Zy-4 alloy behaviour under accidental conditions.
The development of the nuclear power from the firstgeneration reactors to the third-generation reactors which are now in operation has required important researches in the field of materials.
The four generation reactors, to be built after 2030, will be reactors with high economic efficiency, increased operational safety and minimal waste. The researches for these reactors were officially opened at the Generation IV International Forum in 2009 [1, 2] . It is foreseen that Romania will build the prototype of the Pb-cooled generation IV reactor at the Pitesti Nuclear Research Institute-RATEN. In the generation III reactors, uranium oxide fuel pills are introduced into the zircaloy-4 tubular sheath, which has to ensure a long-term operation at 350°C in contact with the moderator [9, 14] Operating temperature of 550°C is readily achievable but 800°C is envisaged with advanced materials to provide lead corrosion resistance at high temperatures which would enable thermochemical hydrogen production [3] .
The researches in the field of the materials for the newgeneration reactors are divided in two directions: researches concerning the behaviour of the nuclear materials used today in the third-generation reactors under the operating conditions specific to the new-generation reactors as well as the development of the new materials that are likely to be used in these reactors. The researches showed by this paper belong to the first category.
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Experimental part
The tests were performed on zircaloy-4 alloy samples, used in the construction of the fuel element sheath at the third generation reactors. The chemical composition of the used alloy is: Sn-1.31%, Fe-0.20%, Cr-0.11% and Zr remainder. The samples used were 10 mm diameter barsshaped.
Under the delivery condition, the microstructure of the alloy is polyhedral, with an average grain size of 6.9µm in cross section and of 7.7 µm in the longitudinal section ( fig.1 ).
The mechanical characteristics of the alloy under the delivery condition are: yield limit 533.5 MPa, tear strength, 744 MPa and elongation 21.25%. The average value of the cross-section hardness is 228 HV and 258 HV in the logitudinal-section.
Thermal shock tests were performed on 10 mm diameter and 8 mm thick samples. The rapid heating was achievd using the solar energy, in the range of 900-1600°C, within the CNRS PROCEDES, MATERIAUX ET ENERGIE SOLAIRE-PROMES Laboratory. The solar oven at Odeillo -Font Romeu, France, on the Heliotron plant [4] . The duration of thermal shocks was 30s and 60s. The schematic diagram of the solar oven is shown in figure 2 .
The thermal shock temperature was measured using a K-type thermocouple and the temperature-time graphs were plotted for each sample. The treatment parameters for samples subjected to thermal shock are shown in table 1.
The surface metallographic examination was performed without the sample preparation, by scanning electronic microscopy.
The section metallographic examination was performed after the embossing of the samples, mechanical grinding to paper 2000, polishing with diamond paste 0.1 and attack with 45% HNO3, 45% H2O and 10% HF.
Results and discussions
The examination of the surface samples revealed the evolution of the oxide layer morphology with temperature ( fig.3 )
Up to the temperature of 1100°C, the surface profile of the oxide layers retains the profile characteristics since the sample was delivered. As the temperature and thickness of the oxide layer increase, this profile disappears and the degradation processes occur which increase when the temperature increases [6, 8, 12, 13, 15, 16, [18] [19] [20] .
The metallographic analysis in a section perpendicular to the thermal shock application surface revealed the morphology, the increase of the oxide layers and the evolution of the basic metal microstructure [ 7, 15, 18] .
For the same duration of the thermal shock, the thickness of the oxide layers increases as the temperature increases. The thickness increase is accompanied by the degradation processes inside the layer, through pores and cracks, and at the oxide-metal interface, through cracks generally oriented along perpendicular directions to the interface ( fig. 4, 5 ). -The core of the samples forms a needles and plaquesshaped structure with large grain sizes. In the vicinity of the allotropic temperature we can notice the formation of the needles and plaques -shaped structure from the alpha polyhedral structure ( fig.6 ) -Under the oxide layer, the oxygen diffusion in the metal through the oxide-metal interface leads to the formation of some alpha solid solution layers stabilized by dissolving the oxygen ( fig.7) The development of the alpha solution under the thermal shock results in the formation of a uniform thickness layer relative to the metal-oxide interface, similar to the dissolution of the oxide layers in the metal during the vacuum thermal treatment, and it is different from the columnar growth of the alpha solution crystals noticed for the samples subjected to the long-term isothermal oxidation [2, 4] . For the same shock duration, the thickness of the alpha solution layer increases as the temperature increases ( fig. 8, 9 ).
The variation of the oxygen concentration in relation to the surface subjected to the thermal shock is well correlated with the morphology of the oxide layers and of the stabilized alpha solid solution ones ( fig. 10-13 ).
On the thickness of the alpha solid solution layers, the oxygen concentration varies within small limits. At 1600°C, the oxygen concentration in the alpha solid solution is almost constant over the thickness of the alpha layer ( fig.12 ).
For the same shock temperature, the increase in the shock duration causes the pronounced degradation of the oxide layers, through pores and cracks. The occurrence of the cracks at the oxide-metal interface and their propagation favours the penetration of oxygen into the metal mass ( fig.13 a,b) .
At 1600°C, the degradation processes of the oxide layer and of the alpha solution one are highly accentuated. They lead to the oxide partial exfoliation and to the formation of some oxide areas inside the metallic mass due to the Fig.6 The formation of the needles and plaques-shaped structure on the polyhedral structure of the sample after a thermal shock at 900°C for 30s-a, b and 60s -c Fig.7 . Stabilized alpha solid solution layer and the needles and plaques shaped structure formed by a thermal shock at 1000°C for 30s
For the same temperature, the layer thickness increases depending on the duration of the thermal shock ( fig. 5 ).
The metallic mass microstructure for the thermal shocks over the allotropic point forms two distinct zones [18, 19] : to the shock at 900°C for 60s. Fig.13 . Oxide layer with accentuated degradations at 1350°C and 30s-a, and the accentuated degradation of the metallic mass through cracks favouring the oxygen penetration into the metal under the oxide layer at 1350°C, 60s-b). oxygen diffusion through the cracks that start from the metal-oxide interface ( fig. 4c ). Due to the degradation phenomena of the oxide layers, the average thickness measurements are not relevant.
The hardness measurements in section with the microhardness profile plotting in relation to the application surface of the thermal shock show the evolution of the alloy mechanical characteristics.
For all the samples, the hardness profile shows very high values near the metal-oxide interface. (fig.14, table 1 ). The oxygen dissolution in the metal near the oxide layer causes an accentuated increase of the alloy hardness and fragility. The solid solution layer stabilized by the dissolved oxygen has hardness over 4 times higher than the hardness in the sample core and 4.6 times higher than the initial hardness.
By comparing the indentations, the optical microscopic analysis shows that the maximum hardness values are a b Fig.16 Hardness variation versus thermal shock temperature for 30s-a and 60 s-b: HV max-hardness in the alpha solid solution layer, HV min -hardness in the needles and plaques shaped core found in the alpha solid solution layers and that they decrease to the sample core as the oxygen content decreases ( fig. 15; 16 a,b; table 1) . The hardness increase is associated with the alloy fragility increase and it is very important for the operation of fuel element sheath.
Conclusions
This paper shows the research on thermal shocks influence at high temperatures over allotropic temperature, within the 900-1600°C interval, on the microstructure, composition and hardness of the Zy-4 alloy at temperatures above the allotropic transformation temperature.
There were emphasized the modifications occurring in the microstructure of the oxide layers and of the metallic mass as well as the evolution of the degradation phenomena relative to the temperature and the thermal shock duration.
It has been highlighted the formation and growth of alpha solid solution layers with an uniform thickness, through the diffusion of oxygen into the metal under the oxide layer and their degradation phenomena through cracks starting from the oxide-metal interface.
For short-term thermal shocks, applied at temperatures immediately above the allotropic temperature, the formation of the needles and plaques-shaped structure of the polyhedral structure was emphasized.
The oxygen concentration variation in the samples in relation to the surface subjected to thermal shock is correlated with the degradation processes of the oxide layers and of the metallic matrix and with the oxygen dissolution in the metal and the formation of the stabilized alpha solid solution layers.
Micro-hardness measurements in relation to the oxidemetal interface revealed very high values, more than four times higher than the initial hardness, in the stabilized alpha solid solution layer, a phenomenon that is associated with the accentuated fragility increase
The performed tests can provide information on the Zy-4 alloy behaviour in the accident conditions with significant, short-term temperature increases.
